A fully Lagrangian meshfree computational method is developed for simulation of incompressible fluids interacting with deformable elastic structures. The developed computational method corresponds to a novel SPH (Smoothed Particle Hydrodynamics)-based coupled solver. A projection-based Incompressible SPH (ISPH) fluid model is coupled with a SPH-based structure model in a mathematically-physically consistent manner via a careful attention to the mathematical concept of projection-based particle methods, i.e. Helmholtz-Leray decomposition. The fluid model solves Navier-Stokes and continuity equations, while the structure model is founded on conservation laws for linear and angular momenta corresponding to an elastic solid. A set of previously developed enhanced schemes are incorporated for the ISPH fluid model. Hence, the developed coupled method is referred to as enhanced ISPH-SPH. The performance of structure model is first verified in reproduction of the dynamic response of a cantilever rubber plate and then the enhanced ISPH-SPH is validated through the simulation of two FSI (Fluid-Structure Interaction) problems including a high velocity impact of an elastic aluminum beam, for which semi-analytical solutions exist, and hydroelastic slammings of a marine panel, corresponding to the experiments by Allen (2013).
INTRODUCTION
Precise and comprehensive evaluation of highly interactive hydrodynamics-structure systems (e.g. interactions between wind induced waves and coastal structures, hydrodynamic slamming on marine vessels, tsunami/storm surge impact on onshore structures) has been always a substantial challenge for reliable design of coastal infrastructures. Hence, accurate modeling of Fluid-Structure Interactions (FSI) is of great importance in coastal engineering.
In the view of intrinsic difficulties usually encountered in numerical modeling of FSI problems associated with coastal engineering (e.g. existence of violent free-surface flows as well as presence of large/abrupt hydrodynamics loads and consequently large structural deformations), Lagrangian meshfree methods (e.g. Smoothed Particle Hydrodynamics 1, 2) or Moving Particle Semi-implicit 3) ) appear to be appropriate candidates for computational modeling of such important phenomena. Consequently, in several studies, simulation of FSI problems were targeted using meshfree methods [4] [5] [6] [7] [8] [9] . In particular, a number of fully Lagrangian SPH-based coupled FSI solvers have been developed during the last decade [4] [5] [6] . However, to the best knowledge of authors, up to now, almost all coupled SPH-based FSI solvers have been founded on fully explicit computations in which the stability of calculations is guaranteed through incorporation of numerical stabilizers that often require tuning and usually result in an unphysical gap in between fluid and structure.
In this study, a projection-based particle method, namely Incompressible SPH (ISPH), is coupled with a SPH-based structure model in a mathematically-physically consistent manner via a careful attention to the mathematical concept of Helmholtz-Leray decomposition 10) . The ISPH-based fluid model is founded on the solution of Navier-Stokes and continuity equations, while the SPH structure model is established based on conservation laws for linear and angular momenta corresponding to an elastic solid. A set of previously developed enhanced schemes are incorporated in the ISPH fluid model. Hence, hereafter the developed coupled method is referred to as Enhanced ISPH-SPH and this study presents the first ISPH-SPH FSI solver, to the best of authors knowledge.
First, the performance of the SPH-based structure model is validated through calculation of the dynamic response of a free oscillating cantilever plate 11) . Then the SPH-based structural solver is coupled with enhanced ISPH fluid module in reproduction of a number of violent benchmark test cases including i) high velocity impact of an elastic beam on undisturbed water 6, 12) and ii) hydroelastic slamming corresponding to a marine panel 13, 14) .
NUMERICAL METHOD (1) Fluid model
The equation of conservation of linear momentum, as the principle equation for fluid flow modeling is described herein as:
where u, ρ F , t and g represent velocity vector, density, time and gravitational acceleration, respectively. The subscript i represents a target particle. F S to F corresponds to the interaction force imposed by the neighboring structure particles (S) to target fluid particle (F). The stress tensor σ F is described based on Eq. (2):
where p, μ F and δ lk stand for pressure, dynamic viscosity of fluid and Kronecker's delta, respectively. Subscripts l and k denote the spatial coordinates.
The continuity is imposed by projecting the intermediate velocity field into a divergence free space
The fluid model benefits from a set of enhanced schemes, i.e. Corrected Incompressible SPH (CISPH); Higher-order Source term of PPE (HS); Higher-order Laplacian model (HL); Error Compensating Source term of PPE (ECS); Gradient Correction (GC); and Dynamic Stabilization (DS). Also, Wendland kernel is utilized in all performed simulations. The mentioned schemes are described comprehensively by Gotoh and Khayyer (2016) 15) as well as Khayyer et al. (2017) 16) .
(2) Structure model
The structure model is configured according to SPH-based discretization of divergence of stress in a Lagrangian form (Eq. 4). The corresponding constitutive model for the material is considered as Hooke's law with an implicit assumption of linear elasticity:
where ρ S stands for density of structural particle, σ S represents the stress tensor of structure particle, ε is strain tensor, F F to S corresponds to the interaction force acting on interface from fluid (F) to structure (S) particles and I is the unit tensor. In Eq. (5), λ S and μ S are Lame's constants, i.e. mechanical properties of the material calculated from Young's modulus, E S , and the Poisson ratio, υ S . The SPH-based discretization of the divergence of stress is carried out as follows:
where subscripts i , j represent target particle i and its neighboring (structure) particles j, respectively. Superscript "0" denotes the values evaluated with respect to reference configuration, m represents the mass of particle and s ij stands for pure deformation (with exclusion of rigid body rotation) of position vector r ij , which is described as follows:
where R is the rigid body rotation tensor while θ is updated at each time step from the solution of the following equation of conservation of angular momentum:
where I, ω represent moment of inertia and angular velocity vector, respectively.
(3) Fluid structure coupling scheme Fluid structure coupling is conducted in a mathematically-physically consistent manner by considering the prediction-correction feature of projection-based particle methods. Structure particles are considered as a moving boundary for the fluid, providing velocity and position boundary conditions in calculation of fluid's pressure field on the basis of momentum and continuity equations. Once the fluid's pressure field is calculated, the acceleration due to hydrodynamic pressure gradient at the fluid-structure interface can be obtained and imposed on the structure.
VERIFICATION (1) Free oscillations of a cantilever plate
The performance of SPH-based structure model is firstly verified in reproduction of the dynamic response of a free oscillating cantilever rubber plate subjected to an initial velocity distribution of v (x) 11) , (Fig. 1a) . In Fig. 1(a) , parameter c stands for sound speed. Fig. 1(b) demonstrates a snapshot corresponding to stress field simulated by the SPH-based structure model. From Fig. 1(b) , the stress field produced by the structure model appears to be smooth and qualitatively consistent. From Fig. 1(c) the simulated time history of deflection of the plate's free end is shown to be in a good agreement with the analytical solution.
(2) Free surface impact of an elastic wedge
The Enhanced ISPH-SPH FSI solver is validated first through the simulation of a high speed impact of an elastic aluminum beam, for which semi-analytical solutions exist 12) .
Here 6, 12) -(a-c) snapshots of particles together with pressure/stress fields at t = 0.001 s , t = 0.002 s and t = 0.0025 s, respectively, and time histories of (d) deflection at reference point C, (e) pressure at reference point A, and (f) pressure at reference point D Fig. 2(a-c) present a set of snapshots of fluid and structure particles together with pressure/stress fields corresponding to this test. From Fig. 2(a-c) , the enhanced ISPH-SPH FSI solver has performed well in reproducing smooth pressure/stress fields without violation of volume conservation at fluid-structure interface that may appear in form of, for instance, an unphysical gap. Fig. 2(d-f ) demonstrate the pressure/deflection time histories at several measuring points obtained by the enhanced ISPH-SPH. Semi-analytical solutions are also presented for comparison. As it can be seen from Fig. 2(d-f) , the calculated time histories of deflection and pressure are in acceptable agreements with those corresponding to semi-analytical solutions 12) .
(3) Hydroelastic slammings of a marine panel
For further validation of the developed FSI solver, hydroelastic slammings of a marine panel, corresponding to the experiments by Allen 13) , are considered. These tests were conducted using a Servo-hydraulic Slam Testing System (SSTS) with a set of different panels. In the present study, the hydroelastic slammings corresponding to a Solid Glass-fibre single skin panel 13, 14) are reproduced. The panel is of 1.03 m length, 0.6 m width and 0.0095 m thickness. The bending and shear stiffness are set as 1.52 kNm and 44.0E+03 kN/m, respectively. Details of the experimental and numerical set up are presented in Fig. 3 . The hydrodynamic pressure and panel deflections are measured at reference points P3 and D3, respectively. . 3(a-d) portray typical snapshots corresponding to the SG (Solid Glass-fiber) panel that slams the water surface with a velocity of v = 4 m/s. From these figures, the enhanced ISPH-SPH has provided stable and qualitatively accurate pressure/stress fields. Fig. 4(a) and (b) illustrate a quantitative validation by considering time histories of deflection and pressure at reference points D3 (for v = 4 m/s) and P3 (for v = 3 m/s), respectively. From Fig. 4 , the enhanced ISPH-SPH has provided quite accurate results corresponding to a hydroelastic slamming phenomenon.
CONCLUDING REMARKS
A fully Lagrangian meshfree computational method is developed for simulation of incompressible fluids interacting with deformable elastic structures. The developed computational method corresponds to a novel SPH (Smoothed Particle Hydrodynamics)-based FSI (Fluid-Structure Interaction) solver. The developed method comprises of a projection-based semi-implicit ISPH (Incompressible SPH) as the fluid model which is consistently coupled with a SPH-based structure model. The coupling is performed in a consistent two-way manner as structure particles are considered as a moving boundary for the fluid particles, providing proper velocity/position boundary conditions in calculation of fluid's pressure. Once the pressure field is obtained, pressure gradient-related acceleration is imposed to structure to represent the related interaction force. In addition, a set of previously developed enhanced schemes are incorporated to improve the accuracy of ISPH fluid model. Thus, the coupled ISPH-SPH FSI solver is referred to as enhanced ISPH-SPH.
Followed by a simple validation of SPH structure model, the enhanced ISPH-SPH FSI solver is applied to simulation of a high velocity impact of an elastic aluminum beam with semi-analytical solutions 12) and hydroelastic slammings of a marine panel, corresponding to the experiments by Allen 13) . The accuracy of the proposed method is validated in terms of reproduced pressure and deflection time histories.
Future works comprise of further validations by consideration of other relevant FSI problems, considerations of convergence tests, extension of structure model and modeling of air phase, leading to a reliable multi-physics, multi-scale particle-based computational method.
